A radiofrequency current flowing in a wire of 
finite length produces electromagnetic fields 
that may be disengaged from the wire and set 
free in space. If another wire is placed in the 

ath of the electromagnetic field, electrons 
within the second wire are set in motion. The 
characteristics of the electron motion with 
respect to frequency, degree, and direction are 
similar to those of the original field. If in- 
telligence in some form is being carried by the 
electromagnetic field, it is reproduced in simi- 
lar form in the second wire. 


RADIOFREQUENCY ENERGY 


The whole function of radio communication is 
to deliver intelligence. In any radio system, 
r-fenergy in the form of electromagnetic waves 
is generated bya transmitter and fed to atrans- 
mitting antenna, the latter radiating this energy 
out into space. A receiving antenna in the path 
of the traveling radio wave absorbs part of the 
energy and sends it through a transmission line 
to a receiver. The transmission of r-f energy 
(radio waves) through space is known as wave 
propagation. 

It can be seen that the major components re- 
quired for transmission of intelligence by means 
of radio waves are atransmitter, a transmitting 
antenna (the initial wire), the medium through 
which the waves travel (the atmosphere), a re- 
ceiving antenna (the second wire), and the re- 
ceiving equipment. Successful communications 
depend chiefly on the power of the transmitter, 
the distance between. the transmitting and re- 
ceiving antennas, and the sensitivity (ability to 
amplify weak signals) of the receiver. As will 
be seen, however, propagation is also affected 
by such things as the condition of the atmosphere, 
the type of radio wave transmitted, and the path 
of the transmission. 


GENERAL NATURE AND PROPERTIES 


The fundamental nature of electricity has al- 
ways been amystery. We know little more about 
electricity than did the ancient Greeks, who 
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experimented with amber by rubbing it with qa 
cloth to induce forces of attraction and repulsion. 
Elaborate theories concerning its nature have 
been postulated, however, and these have gained 
wide acceptance because of their demonstrated 
workability. Although electricity never has been 
defined clearly, rules of behavior exist based 
mainly on the fact that electricity and electric 
current always seem to react in a constant and 
predictable manner. 

The propagation velocity of r-f energy through 
free space is approximately 186,000 miles per 
second—the speed of light. Put another way, it 
takes 6.1 microseconds (us) (a microsecond is 
one-millionth of 1 second) for a wave of radio- 
frequency energy to travel 1 nautical mile, or 
2000 yards. The r-fvelocity becomes important 
when determining antenna length, which is dis- 
cussed in chapter 7. 

A moving electric field always creates a 
magnetic field, and vice versa. The created 
field is perpendicular to the parent field, and 
both are perpendicular to the direction of motion 
through space. A cross section of the wavefront, 
then, is composed of moving fields of electric 
and magnetic lines of force that are at right 
angles to each other, and both of which are at 
right angles to the direction of travel, as shown 
in figure 6-1. (The front can be imagined as 
moving either toward or awayfrom the reader. ) 

The general concept of a radio wave is that it 
radiates outward from the antenna in the same 
manner that a wave travels across still water 
into which a rock has been thrown, and that it 
consists of a series of crests and troughs simi- 
lar to a water wave. The analogy is not exact, 
but it serves a useful purpose in that it makes 
a comparison with a familiar physical action. 


POLARIZATION 


The lines of force of the electric field are 
propagated perpendicular to the earth when the 
transmitting antenna is oriented perpendicular 
to the earth. In this case the radio wave is said 
to be polarized vertically. If the transmitting 
antenna is horizontal, the electric lines of force 
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Figure 6-1.—Cross section of a 
radio wave. 


are horizontal and the wave is polarized hori- 
zontally. The polarization of the wave may be 
altered somewhat during travel, but regardless 
of its position with respect to the earth, the 
electric and magnetic lines of force always are 
perpendicular to each other and to the direction 
of travel. 

Polarization of the wavefront is an important 
consideration in the efficient transmission and 
reception of radio signals. If a single-wire 
antenna is used to extract energy from a passing 
radio wave, maximum pickup results when the 
antenna is so placed physically that it lies in the 
same direction as the electric field component. 
Consequently, a vertical antenna should be used 
for the efficient reception of vertically polarized 
waves, and a horizontal antenna should be used 
for the reception of horizontally polarized waves. 
In both, it is assumed that the wavefront is 
traveling parallel tothe earth's surfacefrom the 
transmitting to the receiving antennas. Sucha 
condition does not always prevail, however, as 
we shall see when we consider the effects of the 
atmosphere on the behavior of radio waves. 


WAVE CHARACTERISTICS 


Figure 6-2 illustrates four important aspects 
of the radio wave: amplitude, wavelength, cycle, 
and frequency. 

The amplitude is the distancefrom the aver- 
age level to the peak or trough of the wave, and 
is the measure of the energy level of the wave. 
A wavelength is the space (usually measured in 
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Figure 6-2. —Characteristics of the 
radio wave. 


meters) occupied by 1 cycle; it may be measured 


from crest to crest, trough to trough, or from 


any point to the next corresponding point. 

Each cycle is made up of two reversals, the 
wave moving first in one direction, reversing 
itself, then returning to the first direction to 
begin the next cycle. The frequency of a radio 
wave is the total number of complete cycles the 
electromagnetic wave goes through in a unit of 
time; the accepted standard measurement of 
frequency is in cycles per second (cps). Fora 
radio receiver to obtain useful intelligence, it 
must be tuned to the same frequency as the 
transmitter. 


FREQUENCY SPECTRUM 


Frequencies within the range of 15 to 15,000 
cycles per second are called audiofrequencies 
because vibrations of air particles at any of 
those frequencies can be heard by the human 
ear. Above 15,000 cycles per second are the 
radiofrequencies. Twounits areused in speaking 
of frequencies: kilocycle for 1000 cps, and 
megacycle for 1,000,000 cps. These are ab- 
breviated kc and mc, respectively. Table 6-1 
illustrates the general frequency bands used in 
communications. 

The characteristics of low-frequency propa- 
gation differ from those of high-frequency 
propagation. The choice of a given frequency 
as the point of division between bands, such as 
between VHF and UHF, is more or less arbitrary 
and is agreed upon for convenience. 
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Characteristics of the atmosphere through 
which waves of radiofrequency energy pass 


UDE 


ass 


Description 


Very low 

Low 

Medium 

High 

Very high 
Ultrahigh 
Superhigh 
Extremely high 


affect the manner of their transmission. Thus, 
although it sometimes is assumed that radio 
waves follow perfectly straight paths, properties 
of the atmosphere are such that the waves are 
pent and made to follow curved paths. 


ATMOSPHERIC PROPAGATION 


Propagation of radio waves is affected by 
reflection, refraction, diffraction, and trapping. 


Reflection 


Unless the transmitting antenna has a narrow 
vertical beam that can be elevated, some of the 
radiated energy must hit the surface of the earth 
and be reflected. In most instances, energy 
leaving the antenna followstwo paths, one direct 
to the receiving antenna and the other from the 
antenna to the surface of the earth and thence to 
the receiving antenna. 

The reflection of a radio wave is like that of 
any other type of wave, such as light or sound. 
The amount (efficiency) of reflection depends on 
the reflecting material. Smooth metal surfaces 
of good electrical conductivity, such as copper, 
are efficient reflectors of radio waves. The 
surface of the earth itself is a fairly good 
reflector. 


Refraction 


Refraction occurs whenever there is a change 
in the medium through which radio waves are 
passing. The quantity that indicates the degree 
of bending from a straight-line pathis the index 
of refraction. In homogeneous material, the in- 
dex of refraction is constant because the waves 
travel in a straight line; the atmosphere, how- 
ever, is not a homogeneous medium. Change- 
able characteristics of the atmosphere are 
temperature, pressure, and humidity; and these 


Table 6-1. —Designation of Radio Waves According to Frequency 


Abbreviation 
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Frequency 


Below 30 ke 

30 to 300 ke 

300 to 3000 ke 

3 mc to 30 mc 

30 mc to 300 mc 

300 mc to 3000 mc 

3000 mc to 30,000 me 
30, 000 mc to 300, 000 me 


elements vary with altitude. 
energy is refracted a small amount in passing 
from one level of the atmosphere to the next. 

In order to establish a reference for the pur- 
pose of investigating the effect of atmosphere on 
propagation, a standard atmosphere has been 


A wave of r-f 


established. In the standard condition, the 
temperature, pressure, and moisture content 
of the air decreases uniformly with height, so 
that there is a gradual change in the amount of 
refraction of a wave of r-f energy. Refraction 
bends the waves downward, thereby increasing 
the horizontal distance to which the waves can 
travel. Because of this phenomenon, the dis- 
tance to the radio horizon is somewhat greater 
than the distance to.the geometric horizon. 

Under standard conditions, the change in 
physical properties of the atmosphere is nor- 
mally gradual and continuous, the index of re- 
fraction changing gradually with increasing 
height. Consequently, there is nosudden change 
in the direction of the r-f waves. The standard 
atmosphere, however, is not necessarily the 
normal atmosphere at any particular location. 
Above 10, 000 feet the atmosphere almost always 
is of standard composition, but nonstandard 
propagation conditions often may exist at alower 
altitude. 

When nonstandard atmospheric conditions 
exist, we encounter "anomalous propagation." 
Under these conditions, the amount of change of 
temperature, pressure, and moisture varies 
with altitude at a different rate than normal. 
As a result, the radio waves undergo greater 
or less bending than normal, causing the radio 
horizon to be extended or shortened, depending 
on the existing conditions. 

The temperature may, for example, first in- 
crease with height and then begin to decrease. 
Such a situation is called a temperature inver- 
sion. More important, the moisture content may 
decrease markedly with height just above the sea. 
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This latter effect, called a moisture lapse, may 
produce, either alone or in combination with a 
temperature inversion, a great change in the 
index of refraction of the lowest few hundred 
feet of the atmosphere. 

Altered characteristics of the atmosphere 
may result in an excessive bending of radio 
waves passing through the lower atmosphere. 
In certain regions, notably in warm climates, 
excessive bending is observed as high as 5000 
feet. The amount of bending in regions above 
this height usually is that of normal atmosphere. 

A knowledge of refraction characteristics is 
important to the communicator because radio 
waves, particularly in the VHF and UHF bands, 
may be refracted and thus detected hundreds of 
miles beyond the visible horizon. This point 
must be borne in mind when a ship is in waters 
where radio security is essential. 


Diffraction 


Another consideration from the standpoint of 
communication security is diffraction, the na- 
tural bending of radio waves over the geometric 
horizon. 

The bending effect caused by diffraction can 
be observed in shadows cast by sunlight. Light 
rays from the sun are essentially parallel, yet 
the shadow of a ball does not have sharp, clear 
edges, as in part A of figure 6-3, because of 
diffraction. When the waves pass close to the 
surface of the ball, they are bent inward slightly 
and penetrate the shadow, partially illuminating 
its edges as in part B of figure 6-3. The wave- 
lengths of r-f energy are much longer than those 
of visible light, and the amount of bending caused 
by diffraction also is greater. 


II 


59. 21 
Figure 6-3. —Bending effect caused by 
diffraction. 


Although r-f energy diffracted around the 
curve of the earthusually is weak, it maybe de- 
tected by a suitable receiver. Because low- 
frequency radio waves are bent more than high- 
frequency waves, a low-frequency transmission 
can be intercepted by the enemy at a greater 


distance than can a microwave transmission, 
provided the two sets transmit comparable pow- 
er. The principal effect of diffraction, then, is 
to extend beyond the radio range of your ship the 
range of possible interception by enemy surface 
ships and aircraft of your r-f transmissions. 
Figure 6-3 helps explain why radio waves of 
the proper frequency can be received on the far 
side of a hill. In the propagation of radio waves 
at a distance, diffraction is an important con- 
sideration because the largest object to be con- 
tended with is the curvature of the earth itself. 


Trapping 


Normally the warmest air is near the earth's 
surface, but when atemper ature inversion 
occurs, the index of refraction is different for 
the air within the inversion thanfor the air. out- 
side the inversion. These differences cause the 
formation of a channel or duct that acts as a 
waveguide within which transmitted signals are 
trapped. The resultis that the signals are piped 
many miles beyond the assumed normal range, 
as shown in figure 6-4. 

At times these ducts are in contact with the 
water and may extend a few hundred feetinto the 
air. At other times the duct starts at an eleva- 
tion of 500feet or more and extends an additional 
500 to 1000 feet upwards. 

A necessary feature of duct transmission is 
that both the transmitting and receiving antennas 
must be inside the duct. A transmitting antenna 
above a surface duct will not operate into the 
duct. Hence, a receiving antenna below a duct 
receives no signalsfrom an aircraft flying in or 
above aduct, even though line-of- sight conditions 
prevail. 

The peculiar structure of the atmosphere that 
produces trapping occurs fairly often in many 


parts of the world. Several types of meteorologi- 


cal conditions can produce the temperature and 
humidity gradients necessary for trapping to take 
place. 

SURFACE DUCT. —Warmcontinental air 
blowing over a cooler sea leads to formation of 
a duct by causing a temperature inversion as 
well as by evaporation of water from the cooler 
sea into the lower levels of the warm, dry air. 
The base of sucha ductis usually the sea surface 
with the trapping region extending several 
hundred feet upward. 

Over the open ocean, a surface duct may be 
formed by cool air blowing over a warmer Sea. 
No temperature inversion is associated with this 
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Figure 6-4. —The duct acts as a signal waveguide. 


phenomenon, and the entire effect is caused, 
apparently, by evaporation of water into the 
lower levels of the atmosphere. Ducts of this 
sort are often created by trade winds that have 
blown for a long distance over the open sea. 

ELEVATED DUCT.—An elevated duct may 
form in an area of high barometric pressure 
because of the sinking and lateral spreading of 
the air, termed subsidence. When the air is 
warm and dry and subsidence takes place over 
the sea, water is evaporated into the air, 
forming a moisture gradient that leads toforma- 
tion of a duct. Such ducts always are formed 
above the sea, with the base of the trapping 
layer ranging in elevation from a few thousand 
to 20,000 feet. Subsidence trapping nearly 
always can be found in the tropics. 

Other meteorological conditions that may 
produce trapping are cooling of land at night 
by radiation and mixing two masses of air, as 
at a warm or cold front. Ducts formed by these 
effects are likely to be of such limited extent 
that they are unable to modify propagation by 
any appreciable amount. 


Prediction of Nonstandard Propagation 


Sometimes it is possible to predict forma- 
tion of ducts from observation of weather con- 
ditions, coupled with simple measurements 
that can be made on board any ship. 

For a number of reasons, meteorological 
conditions in a region of high barometric pres- 
Sure are favorable for forming ducts. Among 
favorable factors are (1) subsidence, which 
Creates temperature inversions, and which 
occurs in areas where the air is very dry so 
that evaporation can take placefrom the surface 
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of the sea; (2) calm conditions that prevent mix- 
ing. the lower layers of the atmosphere by turbu- 
lence, allowing thermal stratification to persist; 
and (3) clear skies, which permit nocturnal 
cooling over land. 

Conditions in a barometric low, on the other 
hand, generally favor standard propagation. A 
lifting of the air, the opposite of subsidence, 
usually occurs in such regions and is accom- 
panied by strong winds. The combined effect is 
to destroy any local stratification of the atmos- 
phere by a thorough mixing of the air. More- 
over, the sky usually is overcast in a low- 
pressure area, and nocturnal cooling is therefore 
negligible. Rains fall very often in a low- 
pressure area, and falling drops of water have 
the effectof destroying any nonstandard humidity 
or temperature gradients that may have been 
established. 

In all weather conditions that produce trap- 
ping, the atmosphere must be sufficiently stable 
to allow the necessary stratification of the at- 
mosphere to be established andto persist. Thus, 
continued calm or moderate breezes are neces- 
sary. It must be emphasized, however, that even 
if weather conditions favor formation of ducts, 
they do not always produce them. 

The following weather conditions, which are 
readily obserable, may favor trapping: 

1. Amoderate breeze that is warmer than 
the water, blowingfrom a continental land mass. 

2. Clear skies, little wind, and high baro- 
metric pressure. 

3. A cold breeze blowing over the open 
ocean far from large land masses, especially in 
the tropical trade wind belt. 

4. Smoke, haze, or dust that fails to rise 
but spreads out horizontally, which indicates 
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quiet air, in which a temperature inversion may 
exist. 

5. When the air temperature at bridge 
levelon a ship definitely exceeds that of the sea, 
or when the moisture content of the air at 
bridge level is considerably less than that just 
above the water, and the air is relatively calm. 


RADIO WAVE FORMATION 


When a radio wave leaves an antenna, part of 
the wave moves outward in contact with the 
ground, the remainder of the wave moving up- 
ward to form a skywave, as in figure 6-5. The 
ground and sky portions of the wave are respon- 
sible for two different methods of carrying 
messages from transmitters to receivers. 


IONOSPHERE 


GROUND 
WAVE 


13.27 
Figure 6-5. —Formation of the groundwaves 
and skywaves. 


Groundwave 


The groundwave normally is used for short- 
range (line-of-sight) communications, although 
it may be utilized for long-range communications 
in the low-frequency bands using high power. 

A groundwave is composed of two parts, a 
surface wave and a space wave. The surface 
wave travels along the ground, while the space 
wave follows two paths—one through the air 
from transmitter to receiver, the other re- 
flected from the ground to the receiver. Be- 
cause the space wave follows two paths of dif- 
ferent lengths, the two components may arrive 
in or out of phase. As the distance from the 
transmitter changes, the two components may 
add or cancel. 

As it passes over the ground, the surface 
wave induces a voltage in the earth, setting up 
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eddy currents. The energy to create these cur- 
rents is taken awayfromthe surface wave, which 
is weakened as it moves away from the antenna. 
Increasing the frequency results in a rapidly in- 
creasing rate of attenuation. Because of this 
increased attenuation with increased frequency, 
surface-wave communication generally is 
limited to the lower frequencies. The surface- 
wave component is not confined to the earth's 
surface, but extends to considerable heights, 
diminishing in field strength with increased 
height. 

Shore establishments are able to furnish 
long-range surface-wave communicationby 
using frequencies between 18 and 300 kc with 
extremely high power. 

The electrical properties of the earth over 
which the surface wave travels are relatively 
constant, hence the signal strengthfrom a given 
station at a given point is nearly constant. This 
holds true in practically all localities, except 
those that have distinct rainy and dry seasons. 
Inthose regions, the difference in the amount of 
moisture causes the soil's conductivity to change 

The best type of surface for surface-wave 
transmission is sea water. Next in order of 
desirability are large bodies of fresh water, 
wet soil, flat loamy soil, dry rocky terrain, 
desert, and jungle. Because of the superiority 
of surface-wave conductivity by salt water, high- 
power, low-frequency transmitters are located 
as close to the edge of the ocean as practicable. 

Not all groundwave communication employs 
the lower part of the frequency spectrum. For 
example, VHF-UHF communications use so- 
called line-of-sight transmission. At these 
frequencies the direct wave component of the 
gronndwave is increasingly important. It should 
be noted that whereas the range of the ground- 
wave at low frequencies can be increased ef- 
fectively only by increasing radiation power, the 
range of frequencies of 30 mc or higher can be 
increased effectively by increasing antenna 
heigitt as well as by increasing radiation power. 


Skywave 


In high-frequency communications, the sky- 
wave is used for long ranges. 

The behavior of the skywave is quite differ- 
ent from that of the groundwave. Some of the 
energy radiated is refracted by an ionized layer 
of atmosphere, called the ionosphere, and is 
bounced or relayed back toward the earth. Ifa 
receiver is located in the area where the 
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hich returning wave strikes, it is possible to detect directly upward and still be returned to the earth 
nna the signals clearly even though the receiver is is the critical frequency. At sufficiently high 
in- located several hundred miles beyond the range frequencies, the wave will not be returned to the 
this of the groundwave. The ability of the ionosphere earth, regardless of the angle at which the ray 
acy to return a radio wave to earth depends upon the strikes the ionosphere. 
is angle at which the skywave strikes the eed In figure 6-7, note the relationship between 
ice- spheres me denuity > of the transmission, an skip zone, skip distance, and the groundwave. 
th's upon © , . The skip zone depends on the range of th 
hts, In figure 6 the sky wave is assumed ~ be groundwave; it disappears entirely if the range 
ised composed of ree rays. tne ange at wnic) ray of the groundwave equals or exceeds the skip 
1 strikes the ionosphere is too nearly vertical distance. The skip distance, which depends on 
nish for the ray n be wr otumned to earth. Z ne Tay 3S the frequency and the degree of ionization 
nby bent out or ie lc i The angele ade e “3 ©- present, is the distance from the transmitter to 
with sphere ane 1s lost. e angie made by ray « 1s the nearest point at which refracted waves re- 
called the critical angle for the frequency. Any turn to earth. If the skywave returns to earth 
yer ray that eaves ine anten’ at ot angle greater at a point where the groundwave and skywave 
vely than the critical angle will penetrate the t the are of nearly equal intensity, the skywave al- 
iven sphere. Ray 3 strikes the ionosphere a ne ternately reinforces and cancels the groundwave, 
Chis smallest angle that will be refracted ane still causing severe fading of the signal. This is 
zept return to carte. d tany sma th bat 3 ti © a caused by the phase difference between the two 
ons. will be refracted toward ear ar wie mass T waves resulting from the longer path traveled 
completely. The antenna lobes in figure 6-6 by the skywave 
it of show the generally accepted concept of a beam, y yw ° 
Inge or wave, of radiated electromagnetic energy. Frequently a skywave has sufficient energy to 
‘ave As the frequency decreases, the critical angle be refracted and reflected more than one time. 
r of increases. Low-frequency fields can be pro- It then is known as adouble-hop or multiple-hop 
ter, jected straight upward and will be returned to transmission, and results in the valuable "skip" 
rity earth. The highest frequency that can be sent needed for long-range communications. 
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Figure 6-7. —Relationship between skip zone, skip distance, and groundwave. 


IONOSPHERIC PROPAGATION 


The study of wave propagation is concerned 
chiefly with the properties and effects of the 
actual medium through which radio waves must 
travel between a transmitting antenna and a re- 
ceiving antenna. The atmosphere about the earth 
is not uniform, changing with a change in height 
or geographical location, or even with a change 
of time (day, night, season, year). This lack of 
uniformity influences the passage of radio waves 
through it, thereby adding many new factors to 
complicate what atfirst might seem to be arela- 
tively simple problem. A knowledge of the com- 
position of the earth's atmosphere is extremely 
important in solving this problem, and therefore, 
for purposes of understanding wave propagation, 
various layers of the atmosphere have been dis- 
tinguished. These are the troposphere, the 
stratosphere, and the ionosphere. 

The troposphere is the portion of the earth's 
atmosphere extending from the surface of the 
earth to heights of about 61/2 miles. The 
temperature in this region varies appreciably 
with altitude. A tropospheric wave is that por- 
tion of the groundwave that is refracted in the 
lower atmosphere by changes in humidity, pres- 
sure, and temperature. 

The stratosphere lies between the troposphere 
and the ionosphere. It extends from about 6 1/2 


miles to approximately 30 miles above the sur- 
face of the earth. The temperature in this re- 
gion is considered to be almost constant. The 
stratosphere, because of its constancy, has 
relatively little effect on radio waves. 


The ionosphere is that portion of the earth's 
atmosphere above the lowest level at which 
ionization affects the transmission of radio 
waves. The ionization of this layer is large 
compared with that near the surface of the 
earth. For the purpose of study, the ionosphere 
extends from about 30 miles to 250 miles above 
the earth. Actually, the outer limit is many 
miles farther away. 


The ionosphere differs from the other at- 
mosphere in that itcontains a much higher num- 
ber of positive and negative ions. In the atoms 
of many substances, such as gases, one or more 
of the outer electrons, which revolve around the 
nucleus of the atom somewhat as the planets re- 
volve around the sun, are detached from the 
atom, thus leaving the atom as a whole witha 
net positive charge. In this situation, the atom 
is said to be ionized. The negative iong (elec- 
trons) are produced by ultraviolet and particle. 
radiations from the sun. The rotation of the 
earth on its axis, the annual course of the earth 
around the sun, and the development of sunspots 
all affect the number of ions present in the 


17 


nosphere, and these in turn affect the quality 
d distance of radio transmission. 
The ionosphere is changing constantly. Some 
¢ the ions are recombining to form neutral 
nee while other atoms are being split to 
ora ions. The rate of formation and recom- 
pination of ions depends upon the amountof air 
resentand the strength of the sun's radiations. 
At altitudes above 250 miles, the particles 
of air are too sparse to permit large-scale ion 
formation. At altitudes less than 30 miles, too 
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_few ions exist to affect materially skywave 


communication. 

Beyond the ionosphere lies the exosphere, 
which, without the aid of satellites, has no ef- 
fect on communications, 


Ionospheric Layers 


Different densities of ionization at different 
heights make the ionosphere appear to have 
layers. Actually there is thought to be no sharp 
dividing line between layers, but for the purpose 
of discussion a sharp demarcation is indicated. 
In order of increasing heights and intensities, 
the layers of the ionosphere are identified as the 
D, HE, F1, and F2 layers. The relative distri- 
bution of the layers is indicated in figure 6-8. 
As can be seen, all four layers are present only 
during the daytime, when the sun is directed 
toward that portion of the atmosphere. During 
the night, the F1 and F2 layers seem to merge 
into a single F layer, the D and E layers fading 
out or at least becoming noticeably weaker. 
This is only a general concept, however. The 
actual number of layers, their heights, and their 
relative intensities of ionization apparently vary 
constantly, even from hour to hour. 


a EARTH = 


NIGHT DAY 


13. 28 
Figure 6-8. —Relative distribution of 
ionospheric layers. 
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The ionized atmosphere at an ‘ 
altitude of between 30 and 50 miles eacdaae 
the D layer. Its ionization is low and has little 
effect on the propagation of radio waves except 
for the absorption of energy from the radio 
waves as they pass through it. The p layer is 
present only during the day. This reduces 
greatly the field intensities of transmissions 
that must pass through daylight zones. 

At heights between 50 and about 100 miles 
lies the band of atmosphere containing the E 
layer. The ionization of the E layer follows the 
sun's altitude variations closely, reaching a 
maximum at about noon local time. During the 
middle of the day, however, ionization of the E 
layer may be sufficiently intense to refract fre- 
quencies up to 20 mc. Thus the E layer is of 
great importance to daylight transmissions for 
distances up to 1500 miles. Ionization fades to 
such a weak level during the night as to be 
practically useless as an aid to high-frequency 
communication. 

The F layer extends approximately from the 
100-mile level to the upper limits of the iono- 
sphere. At night, only one F layer is present; 
but during the day, especially when the sun is 
high, this layer often separates into two parts, 
Fi and F2, as shown in figure 6-8. The F2 
layer is the most highly ionized of all the layers, 
and is the most useful for long-range communi- 
cation, The degree of ionization of this layer 
exhibits an appreciable day-to-day variation in 
comparison with that of the other layers. The 
intensity of ionization reaches a maximum in 
the afternoon and gradually decreases through- 
out the night. The rise of ion density is very 
rapid in the morning, and the low recombination 
rate permits the high ion intensity to persist. 


Ionospheric Variations 


Because the existence of the ionosphere de- 
pends on radiations from the sun, it is obvious 
that the movement of the earth about the sun, or 
changes in the sun's activity that might cause an 
increase or decrease in the amount of its radia- 
tion, will result in variations of the ionosphere. 
These variations include (1) those which are 
more or less regular in their nature and there- 
fore can be predicted in advance, and (2) irregu- 
lar variations resulting from abnormal behavior 
of the sun. The regular variations may be di- 
vided intofour classes: daily, seasonal, 11-year, 
and 27-day variations. 
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DAILY. —Daily ionospheric variations were 
discussed in the description of the F layer. The 
increased ionization during the day is responsi- 
ple for important changes in skywave transmis- 
sion. For one thing, it causes the skywave tobe 
returned to earth closer to the point of trans- 
mission. Another consideration is that the 
extra ionization increases the absorption of 
energy from the wave, resulting in greater wave 
attenuation. 

To compensate for daily variations, it is sug- 
gested that higher frequencies be employed 
during the daytime than at night. The main 
reason for this is that the greater daytime ioni- 
zation of the F2 layer refracts waves of higher 
frequency than the same layer does at night. 
Further, the higher the frequency employed, the 


less attenuation occurs as the r-f energy passes 


through the D region. 

SEASONAL. —As the apparent position of the 
sun moves from one hemisphere tothe other with 
changes in season, the maximum ionization in 
the D, E, and Fi layers shifts accordingly, each 
being greater during the summer. The F2 layer, 
however, does not follow this pattern in seasonal 
shift. In most localities, the F2 ionization is 
greatest in winter and least in summer, the re- 
verse of what might be expected. The separation 
of the F1 and F2 layers is not so well defined in 
summer, because the height of the F2 layer is 
less during that season. 

11-YEAR SUNSPOT CYCLE. —Sunspot activ- 
ity varies according to an 11-year cycle. Sun- 
spots affect the amount of ultraviolet radiation 
and hence affect the ionization of the atmosphere. 
During periods of high sunspot activity, ioniza- 
tion of the various layers is greater than usual, 
resulting in higher critical frequencies for the E, 
Fl, and F2 layers, and higher absorption in the 
D region. This permits the use of higher fre- 
quencies for communication over long distances 
at times of greatest sunspot activity. The in- 
creased absorption in the D region, which has 
the greatest effect on the lower frequencies, re- 
quires that higher frequencies be used, but the 
overall effect is an improvement in propagation 
conditions during years of maximum sunspot 
activity. 

27-DAY SUNSPOT CYCLE. —The 27-day sun- 
spot variationis caused by the rotation of the sun 
on its axis. As the number of sunspots changes 
from day to day with rotation of the sun or the 
formation of new spots or the disappearance of 
old: ones, absorption by the D region also 
changes. Similar changes observed in the E 
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layer cover a wide geographic range. Fluctua~ 
tions in the F2 layer are greater than for any 
other layer, but generally are not of a world. 
wide character. 


IRREGULAR VARIATIONS. —A number of 
transient and unpredictable events bear on sky-~ 
wave propagation. Some of the more prevalent 
are: sporadic E ionizations, sudden ionospheric 
disturbances and storms, an d_ scattered 
reflections. 


Sporadic E ionizations are erratic patches of 
ionized cloud that appear in the area of E layer 
heights. These ionized clouds vary greatly in 
density. At times, they reflect so much of the 
radiated wave that reflections from the other 
layers of the ionosphere are blanked out com- 
pletely. At other times, the sporadic E may be 


so thin that reflections from the upper layers: : 


can be received easily through it. The sporadic 
E layer may occur during the day or night; its 
occurrence isfrequent, although more prevalent 
in the tropics than in the higher latitudes. 


The most startling of all the irregularities of 
radio wave transmission is the sudden type of 
ionospheric disturbance causing a radio fadeout. 
This disturbance, caused by a solar eruption, 
comes without warning and may last for several 
hours. All stations on the sunlit side of the 
earth are affected. At the onset of the disturb- 
ance, receiving operators are inclined to be- 
lieve that their radio sets suddenly have gone 
dead. The solar eruption causes a sudden in- 
crease in the ionization of the D region, fre- 
quently accompanied also by disturbances in the 
earth's magnetic field. The increased ionization 
of the D region usually causes total absorption 
of the skywave at all frequencies above 1000 ke. 


An ionospheric storm may last from several 
hours to several days and usually extends over 
the entire earth. High-frequency skywave trans- 
mission is subject to severe fading, and wave 
propagation is erratic. Often it is necessary to 
lower the frequency to maintain communications 
during one of these storms. 

Scattered reflections often occur from ir- 
regular layers in the ionosphere and may occur 
at all seasons, both day and night. A radio wave 
can reflect from either the top or bottom of one 
of these scattering ionospheric clouds, causing 
signal distortion and so-called flutter fading. 
in general, the fading is of short duration, and 
usually no compensation by the radio operator is 
required. 
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pADING AND FREQUENCY BLACKOUTS 
ading is aterm used to denote variations in 
l strength at the receiver. There are 
causes; some are easily understood, 
e more complicated. Frequency black- 
ts are related closely to some types of fading. 
On reality, a blackoutis a complete fade, blotting 
on the entire transmission. 


F 
several 
others ar 


Fading 


One cause of fading is the direct result of 
interference between single-hop and double-hop 
transmissions. If the two waves arrive in phase, 
the signal strength is increased; if the phases 
are opposed, they cancel each other and weaken 
the signal. This is called interference fading. 

Interference fading also is severe in regions 
where the groundwave and skywave are in con- 
tact with each other. This is especially true if 
the two are approximately of equal strength. 
Fluctuations of the skywave with a steady ground- 
wave can cause worse fading than the skywave 
transmission alone. 

The variations in absorption and the path of 
the wave in the ionosphere are responsible for 
absorption fading. Occasionally, sudden iono- 
spheric disturbances cause complete absorption 
of all skywave radiations. 

Receivers located near the outer edge of the 
skip zone are subjected to skip fading as the sky- 
wave alternately strikes and skips over the area. 
This type of fading is so complete sometimes 
that signal strength falls to near zero level. 

Additional variation in the field intensity af- 
fecting the receiving antenna occurs as a result 
of changes in the state of polarization of the 
downcoming wave relative to the orientation of 
the antenna. This variation is calied polarization 
fading. The result is random and constantly 
changing values of the amplitude and orientation 
of the electric field with respect to the receiving 
antenna. The state of polarization of skywaves 
varies more rapidly the higher the frequency, 
which accounts in part for the rapid fading of 
higher frequencies. 


Frequency Blackouts 


Changing conditions inthe ionosphere shortly 
before sunrise and after sunset may cause 
blackouts at certain frequencies. Higher fre- 
quencies may passthrough the ionosphere, while 
the lower ones are absorbed by it. Ilonospheric 
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storms often cause erratic communications 
Some frequencies are blacked out, although 
others are reinforced. 

When frequency blackouts occur, radio oper- 
ators must be alert to prevent complete loss of 
contact with other ships or stations. In severe 
storms, critical frequencies are much lower 
and absorption in the lower layers of the iono- 
sphere is much higher. 


MUF AND FREQUENCY TABLES 


You know that for any fixed distance oftrans- 
mission thereis an upper limit of frequency that 
returns to earth at that distance. The existence 
of this upper-limit frequency depends on the 
ionization in the ionosphere reflecting only waves 
of frequencies less than a certain critical value; 
this value isreferred to as the maximum usable 
frequency (MUF). The critical frequency is not 
constant. It varies from one locationto another, 
with the time of day, the season of the year, and 
according to the sunspot cycle. Despite these 
variations in the critical frequency, usually it is 
desirable totransmit on a frequency as near the 
MUF as possible. Because there is a directre- 
lationship between the MUF, the condition of the 
ionosphere, and time, it is possible to predict 
the MUF for any transmission path. 

The National Bureau of Standards receives 
and analyzes ionospheric data from many sta- 
tions throughout the world. This ionospheric 
information, in the form of MUF predictions, is 
made available to the Armed Forces and many 
other users. 


To assist the Navy communicator, the DNC 
14 series, entitled Recommended Frequency 
Bands and Frequency Guide, is published 
quarterly, 3 months in advance. This publica- 
tion contains hourly predicted readings for the 
FOT (frequency for optimum traffic— 
approximately 85 percent of the MUF) and the 
lowest usable frequency (LUF) for communica- 
tions on an area-by-area basis. Communica- 
tions frequency predictions are available from 
0 to 2400 miles. Directions for selection of 
working frequencies are contained in DNC 14. 


To the Navy communicator an important part 
of the frequency spectrum lies in the medium- 
and high-frequency bands (2000 to 18,000 kc). 
These bands are used for long-distance naval 
communications from ship-to-ship and ship-to- 
shore. Standard transmitters found on most 
ships operate within this range of frequencies. 
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RADIOFREQUENCY PROPAGATION 
DETERMINATION AND PREDICTION 
SYSTEM 


During periods of high solar activity, ioniza- 
tion of the ionosphere increases markedly. The 
range of MUFs for a particular long-range HF 
transmission path extends upward, occasionally 
reaching into the VHF band. 

Low solar activity has the opposite effect. 
Ionospheric electron density decreases, and the 
ionosphere iwll not support the higher frequen- 
cies in the HF position of the r-f spectrum. As 
a result, congestion in the HF band becomes 
acute during periods of low solar activity because 
the usable portion of the HF spectrum is greatly 
reduced. 

In addition to the adverse effects of low solar 
activity, communications are affected by solar- 
magnetic disturbances. These are caused by 
solar flares—nuclear explosions in the vicinity 
of the sun—and are cataloged according to their 
origin and effect on propagation. The more ex- 
treme disturbances are called "sudden iono- 
spheric disturbances (SIDs). '' Following a solar 
flare, radio circuits must await restoration un- 
tilnature restores the equilibrium or successful 
alternate routing is accomplished through a 
time-consuming trial-and-error process. 

Long-range frequency predictions are based 
in part on an ionospheric model in which the in- 
dex of solar activity is on a statistical basis un- 
der assumed conditions of normal magnetic 
activity. Unfortunately, then, the DNC 14 series 
is deficient in at least one important respect: 
Predictions are predicated upon data based on 
undisturbed ionospheric conditions that exist 
only about 85 percent of the time. The predic- 
tions thus are suspect when conditions of iono- 
spheric disturbances prevail. Even under so- 
called normal conditions, long-range frequency 
predictions provide only an average long-range 

_guide to frequency selection. 

From the preceding discussion, we can see 
that there is a vital need for an instrumental 
system to improve the reliability of HF com- 
munications by furnishing propagation data on an 
instantaneous basis. Ideally, such data would 
include the commencement, duration, and ex- 
pected degree of circuit outages resulting from 
solar-magnetic disturbances. There should be 


an automatic correlation of factors affecting 
communication systems to permit the optimum 
utilization of frequencies in meeting operational 
requirements. To meet this demand, the Radio 


Frequency Propagation Determination and Pre_ 


diction System has been established. 


The underlying theme of the System iS the 
development of a synchronized best frequency 
selection method to improve the overall relj. 
ability of naval communications. Present pre. 
diction methods are based on long-term propa. 
gation conditions, and the inability to deter mine 
short-term conditions is a major cause of circuit 
outages. 


One result of the System was the introduction 
into the fleet of a facsimile propagation map, 
With the use of trans mitted FAX broadcast 
contour maps, ships at sea are provided with 
up-to-date information on the best ship-to- shore 
frequencies during a specified period. A genera] 
48-hour radio condition forecast is included as 
an integral part of the FAX map. 


A project under development is the back- 
scatter/oblique ionospheric sounding system. 
The backscatter principle provides for the return 
of a signal to the transmitting station over 
relatively the same path along which it was 
transmitted. The information obtained, dis- 
played visually on electronic scopes, will give 
a presentation of the signal amplitude and area 
of illumination (estimated frequency coverage). 
The transmitting station thus will have real- 
time (instantaneous) knowledge regarding the 
adequacy of its transmission. Reception of the 
same transmission by the receiving station, in 
what is called the oblique mode, will provide a 
visual display yielding information concerning 
the best usable frequency for reception. 


Ultimately, computer techniques will be em- 
ployed to intercept and record backscatter / 
oblique sounding data, thereby establishing 
short-term propagation trends. Selected 
NAVCOMMSTAs and fleet units will be able to 
correlate prerecorded information with a control 
computer located at a frequency control center. 
Following a request from the operating forces 
for information expressed in terms of traffic 
load, bandwidth requirements, and time of de- 
sired operation, the control center will correlate 
the requirements with available information 
such as station equipment characteristics, 
propagation pre diction and_ ionospheric- 
disturbance data, ship movement information, 
and available frequencies. The computer 
process will culminate in the automatic assign- 
ment of a portion of the spectrum to the operating 
unit in question. 
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SATELLITE COMMUNICATIONS 


It should be apparent by now that one of the 
gramount problems facing the communicator is 
gelecting the optimum operating frequency. Our 
ysable portion of the r-f spectrum for long- 
range (HF) communications is confined to a fre- 
ency range of between 2 and 28 mc. To 
aggravate the problem, there are times when 
frequency blackouts occur and no usable fre- 
quencies are available. 
One solution to the crowded HF spectrum 
difficulty les in the field of satellite-relayed 
communications. Frequencies in the UHF band 
or above are considered (groundwave) line of 
sight frequencies because the nearly horizontal 
skywave passes through the ionosphere and the 
r-f energy is lost in space. If we substitute a 
satellite for the ionosphere or beyond the iono- 
sphere to either reflect signals back to earth or 
amplify and retransmit the signals, we can uti- 
lize frequencies higher than those inthe HF band. 
Longer ranges are available, depending on the 
height of the satellite, and we no longer depend 
on the ionosphere for long-range communica- 
tions. More important, we are able to relieve 
the crowded area of the HF spectrum, thereby 
increasing greatly the amount of information 
that might be passed. 

An interesting sidelight to the satellite relay 
of high-frequency transmissions is the proven 
feasibility of meteor burst communications. 
This technique utilizes the ionized trails of 
meteors as reflecting mediums for VHF trans- 
missions. Meteor burst communications are 
difficult to jam, relatively secure from intercep- 
tion, and are not affected seriously by ionospher- 
ic disturbances. 

In view of the known benefits obtainable by the 
use of frequencies above the HF spectrum, ex- 
periments also are being made utilizing lower 
frequencies. The U. S. Naval Research Labora- 
tory's LOFTI (low-frequency transionospheric) 
satellite, for example, conformed the belief of 
some scientists that the ionosphere is notnearly 
as opaque at low frequencies as was generally 
assumed. 

Although much of a radio wave is reflected 
by the ionosphere, LOFTI demonstrated that in 
the VLF area some of the r-f energy passes 
through the ionosphere into the exosphere with 
relatively little attenuation. The satellite's orbit 
ranged between an apogee of 600 miles anda 
perigee of 100 miles. The VLF signals (18 ke) 
to the bird were received both day and night at 
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all heights. Further, the Signals were of much 
greater density than anticipated. Even at a dis- 
tance of some 10,000 miles from the transmit- 
ting station, remarkably strong signals are 
apparent in the telemetry records of the flight. 
Within LOFTI, received signals were amplified 
and retransmitted by telemetering equipment to 
ground stations on a frequency of 136 mc. 

Communication satellites are of two types— 
passive and active. 

A passive satellite is an object in orbit cap- 
able of reflecting a transmitted signal back to 
earth. It contains no energized electronic cir- 
cuitry of its own. The Navy has developed the 
Communications Moon Relay (CMR) system 
using the passive reflection method for com- 
munications between Washington, D. C. and 
Pearl Harbor. The totality of the satellite need 
not be a solid surface; dispersed metallic par- 
ticles may be utilized as reflectors. If these 
particles are of the proper length, they become 
resonant toaparticular frequency, andreradiate 
any signals on that frequency. A disadvantage 
of the passive satellite is that effective commun- 
ications using the satellite asa reflecting 
medium require large, sophisticated, high-gain 
antennas, and fairly high-powered transmitters. 

An active satellite contains electronic re- 
ceivers, power sources, amplifiers, and trans- 
mitters that receive an incoming transmission, 
amplify it, perhaps change its frequency (as in 
the LOFTI), and retransmit it to another ground 
station. Because the active satellite boosts the 
energy level of a relayed signal, it performs a 
function similar to a microwave relay tower on 
the ground. For this reason, ground transmit- 
ters need less power and smaller antennas as 
compared to the requirements ofa passive 
satellite. This is an advantage to shipboard 
structure. Active satellites are the less reli- 
able of the two types because they contain elec- 
tronic circuitry and are, therefore, subject to 
equipment and circuit malfunctions. 

Active satellites are further divided into two 
groups: delayed repeaters and real-time re- 
peaters. Information received by a delayed 
repeater satellite is stored in a memory device, 
such as a tape recorder, and later is transmitted 
either on demand or automatically according to 
a planned sequence. The delayed repeater is 
useful at low altitudes when the satellite is not 
in the line of sight of the sending and receiving 
stations simultaneously. A real-time repeater, 
of course, repeats instantaneously with no time 
lag. 


NAVAL COMMUNICATIONS 


a is es 4 


the earth from 70° N. to 70° S. should be able to 4 


One of the most interesting methods of com- 
munications via active satellite is being experi- 
mented with in the Defense Communication 
Satellite Program, in which the Navy is a partici- 
pant. This high-capacity global communication 
system calls for several satellites equally 
spaced around the world in 24-hour equatorial 
orbits. If the satellite is in an equatorial orbit 
and at sufficient altitude (19, 300 miles from the 
earth's surface), its orbit will match the rota- 
tion of the earth and appear as a stationary 
satellite permanently fixed over a predetermined 
location. Ships and stations located anywhere on 
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view one of these satellites and concéivab) 

couldtransmit at anytime of the dayto any Place 
on the globe, within the foregoing latitude limitg 

Any number of methods of transmission will ¢ 
available to this system, including digital data 
SSB, and possible reconnaissance television’ 
Because the frequency will be between 2000 and 
8000 mc, the capacity of the system will be very 
high. Terminals for the eventual com. 
munication system will include fixed ang 
mobile ground stations, aircraft, ships, and 
submarines. 
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